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ABTRACT

This paper describes a new way of storing DNA gel reading data and an
accompanying set of computer programs. These programs will perform all the
manipulations that are required on data gained by the so-called 'shotgun'
method of DNA sequencing. This system simplifies the computer processing
involved with this sequencing method and also has the capability of being
able at any time during a project to display, lined up in register, all the
gel readings covering any section of the sequence.

INTRODUCTION
The shotgun. method of DNA sequencing involves cutting the DNA into

random fragments and then determining the sequence of each of these individual

pieces. The relationship of the pieces is established by finding overlaps

between. their sequences. Elventually a sufficient number of the pieces to

cover the whole of the DNA will be sequenced and joined.

In 1979 we described [1] computer programs that could be used to find

overlaps between. gel readings and to join. sequences together to form one

longer sequen.ce. (Similar programs were described by Gingeras et al. [2]).

This system of programs was used successfully during a number of large
sequencing projects but it became apparent that it was also necessary to keep

complicated notes in order to keep track of the origins of the evidence for

each character in a sequence.. This is because after a sequencing project has

been under way for some time each section of the sequence will have been

determined from a number of gels and may have been revised and edited many

times. It becomes increasingly more time-consuming to check the data.

The quality of a sequence can be assessed at two levels: firstly at the

level of the individual nucleotide assigments as read from each gel; and

secondly from the number of times each character has been given a particular

assignment on different gels and whether or not it has been sequenced on both

strands of the DNA. In the 1979 paper [1] we described a method of coding
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for uncertainties in gel readings and this accounted for the quality of the

data at the first level. In this paper we describe a computer storage and

processing system that can give complete information about each character in

a sequence and hence give easy assessment of the quality of data at both

levels. With this system we can interrogate the computer at any stage of a

project to find out for each character which gels it has been determined

from, how many of the gels agree and which strand of the DNA they are from.

Most importantly we can get the computer to print out all the gels covering

any area of sequence lined up in register one above the other with a

consensus sequence below (see Fig. 8). Having this information readily

available can give quick assessment of the quality of the data, indicate

problem areas and hence show which further experiments are necessary.

Description of the problem

In order to be able to have complete information about each character in

a sequence we have to know how each of the gels that overlap to form any

contiguous section of sequence relate to one another. We can determine these

relationships initially by using a computer program to look for overlaps but

the difficulty lies in being able to remember them throughout the many

complicated types of manipulations that the sequence data will undergo during

a project. The following are some of these manipulations: (1) calculation of

a consensus sequence that can be used for finding overlaps with new data or

for any other kind of analysis, i.e. all gels must be lined up and added to

give a consensus; (2) addition of new gels into the system (these new gels

may add new data to left or right ends of contiguous sections of sequence or

simply confirm existing data by overlapping internally); (3) joining of two

existing contiguous sections of sequence (a new gel may overlap with two

previously unrelated sections of contiguous sequence which then need to be

fused to form one contiguous section); (4) complementing of any section of

contiguous data (in order that two sections of data can be joined one of them

may require to have its sense reversed so that both sections are in the same

sezse); (5) editing of individual gel readings; (6) editing of contiguous
sections of sequence; (7) examination by display of all gel readings covering

any particular section of the sequence.

There are two ways of handling data of this type: one can store all the

related gel readings in one large file, lined up in register one above the

other (i.e. store them as they appear in Fig. 8) or one can store the

individual gel readings in separate files and use an extra file to contain
all the information that is required to assemble the sequences into the
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correct relative positions during processing. With the first method the

relationships of the data are actually contained in the structure of the file

and so the file structure and relationships will change simultaneously if gel

readings are altered. With the second method, if gel readings are changed

then the information about their relationships (contained in a separate file)

will also need to be changed.

We have chosen to use the second method for reasons of economy of disk

storage and speed of processing, and also because our computer (a PDP-ISI-11)

has only 32 K words of memory. Below we define the types of information

required to assemble gel readings and describe how it varies during a

sequencing project.

Manipulations of types 2 to 6 will change the relationships of gel

readings, and manipulations 4, 5 and 6 change the gel readings themselves.

Manipulations of types 1 and 7 require a knowledge of the relationships

between gel readings but do not change them.

In order to perform these manipulations the following types of informa-

tion are required: (1) sequences from gel readings; (2) facts about

individual gel readings and their relationship (if any) to others (only those

gel that overlap to form part of a contiguous section of sequence are related

to others); (3) facts about individual contiguous sections of sequence; (4)

general facts about the numbers of gels and numbers of contiguous sections of

sequence. The amounts of these types of information vary during the course

of any sequencing project, as shown in Figure 1.

The system has to be able to perform all the above types of manipulation,

and efficiently allow for variation in the amounts of data.

type 1, 2

Pieces

of

information

type 3

Number of experiments

Fig. 1
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Definition of a contig

In order to make it easier to talk about our data gained by the shotgun
method of sequencing we have invented the word "contig". A contig is a set
of gel readings that are related to one another by overlap of their sequences.
All gel readings belong to one and only one contig, and each contig contains
at least one gel reading. The gel readings in a contig can be summed to form
a contiguous consensus sequence and the length of this sequence is the length
of the contig.

DESCRIPTION OF THE SYSTEM

The description of our system is divided into two sections. The first
deals with data storage and defines the types of files used and the informa-
tion they contain. The second describes the programs that operate on these
files and is concluded by an example of a run of the main program.

Data storage

In the system we have devised there are four types of file: (1) the
original sequence from each gel - this is an archive version which cannot be
overwritten; (2) a working version of each gel reading sequence which can be
manipulated and edited by program; (3) a consensus sequence. This is
calculated by program and is in a form suitable for input to any of the

previously described programs [3-5]; (4) a master plan or database for each
sequencing project. This contains all the information of types 2, 3 and 4,
i.e. all the relational information about the gels. Any manipulations on the
data use this file and it is automatically updated any time the relationships
are changed. The actual information stored in this file is as follows:-
(1) Facts about each gel and its relationship to others:

(a) the name of the file containing the gel reading sequence;
(b) the length of this gel reading sequence;

(c) the position of the left end of this gel relative to the left
end of the contiguous section of sequence of which it forms
a part;

(d) the name of the next gel file to the left;

(e) the name of the next gel file to the right;

(f) the strandedness of this gel, i.e. which strand of the DNA
it is.

(2) Facts about each contig:
(a) the length of this contig;
(b) the name of the gel at the left end of this contig;
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(c) the name of the gel at the right end of this contig.

(3) General facts:

(a) the number of gels in the system;

(b) the number of separate contigs in the system.

In order to use storage space efficiently this file has the following
structure. The file is divided into 1000 lines of information; the general

facts are stored on line 1000; facts about gels are stored from line 1

forwards and facts about contigs are stored backwards from line 999. This is

shown in Figure 2.

As each new gel is introduced into the system a new gel line is added

onto the end of the list of gels. If this new gel does not overlap with any

contig already in the system a new contig descriptor line is added to the

list. If it overlaps with one existing contig no extra lines need be added,

but if it overlaps with two contigs, then these need joining and the number

of lines describing contigs will be reduced by one. This list is then

compressed to leave the empty line at the top.

Initially the two types of lines will move towards one another in the
file but eventually, as the contigs are joined, the contig descriptor lines
will move in the same direction as the gel lines. At the end of any project

there will, of course, only be one contig descriptor line so with this size

and structure the system is capable of handling a sequencing project

requiring 998 gel readings.

The programs

The structure and content of the systems files need not normally concern

the sequencer as he extracts, uses and alters the data via a few easily used

programs. There are four regularly used programs: (1) CONSEN is the

Gel lines. 1
2
3
4

There is one line used

for each gel descriptor
. line and one for each

I contig descriptor line

998
999

Contig lines 1000
Fg
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consensus calculation program. It will calculate a consensus sequence for

all or selected regions of the database. This consensus sequence is in a

form suitable for input to any of the previously published programs [3-5] but

it is mainly used for searching for overlaps with new gel readings: (2) B3ATIN

is a program that is used to store the archive versions of new gel readings

in the comiputer. It will take any number of new gel readings and store each

of them in separate files. It also stores the name of each of these files in

a further file so that all these new gels can be compared with the consensus

sequence; (3) DBCOMP is the program that searches for overlaps between

sequences. It uses the file of file names set up by BATIN and compares each

of the new gels (and their complementary sequences) with the consensus

sequence and then each of the gels with each of the other new gels. If it

finds an overlap it reports its length, the section of the database involved

and displays the match. It will also compare each of the new gels with any

other sequences - for example, the sequence of the cloning vector; and (4)

DBUTIL. This is the most important and often used program as it performs all

the manipulations which can change the data in the database. It is an inter-

active program and is best operated from a visual display unit with a key-

board. All options are prompted for and all operator input checked for

errors. There are six functions available from the main program, each of

which then contains its own options. The functions are as follows:-

(1) PRINT will print the contents of the database.

(2) DISPLAY will display on the printer or screen all the gels covering

any region of the sequence, lined up in register showing their gel

numbers, their strandedness and, underneath, their consensus.

(3) EDIT will allow editing of any contiguous section of sequence. It

maintains alignments by making the same number of insertions or

deletions in all the gels covering the edit position.

(4) COMPLEMENT will complement and reverse all the gels covering any

contiguous section of sequence. It automatically reverses and

complenments each gel sequence, reorders left and right neighbours,

recalculates relative positions and changes each strandedness.

(5) JOIN will allow joining of any two contiguous sections of sequence.

The options available are:

(a) movement of join;

(b) editing of either the left or the right contig;

(c) display of the overlap between the two sections of sequence.

(6) ENTER allows entry of a new gel into the database system. It is
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necessary to know beforehand if the new gel overlaps with any

sequences already in the database. It automatically names and

writes the working version of the new gel and then offers the

following options:-

(a) complementing and reversing of the new gel (to add it

to existing data it may need its sense changing);

(b) adding to an existing contig either at a left or right

end or internally;

(c) movement of overlap;

(d) display of overlap;

(e) editing of the new gel. (It is only during entry into

the system that gels can be edited individually. Once

entry is completed all gels covering any position are

edited together to maintain the alignments of the

sequences.)

(f) editing of the contig.

A basic requirement is that the data must be correctly aligned by the

operator when he enters it into the system. If the gels do not line up the

operator can use the editing functions to improve their alignment and this

can always be achieved by making only insertions in the sequences. In this

way no data need ever be deleted until sufficient agreement is found between

the gels covering every sequence position. We use X or spaces as padding

characters to achieve alignment so that problem areas stand out clearly in

the lined up sequences.

Description of the example of program DBUTIL

Figures 3-8 show a sample run of program DBUTIL in which two new gel

readings are added to the database. These are simply photographs of the

computer output for a typical run of the program, except that all the typing

done by the operator has been underlined to make explanation easier. Before

processing of the data reached this stage both of these new gel readings were

stored on the computer using program BATIN and then they were compared with

all of the data already in the database using program DBCOMP. DBCOMP

reported that one gel did not overlap at all and that the other overlapped

with two separate contigs. The overlap was complicated by the fact that the

gel overlapped with one contig in one sense but in the opposite sense with

the other. This means that before these two contigs can be joined by this

new gel the sense of one must be changed. All these operations are shown in

the example.
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In Figure 3 the operator has started the program and supplied the

project name which tells the program which database to use. The program

reports that so far there are 280 gel readings and 66 contigs already in the

database. The operator has selected to have 120 character line printout and

then the program has asked him to select from six functions. The first thing

the operator wants to do is to add the new gel reading that does not overlap

to the database. He therefore selects the ENTIER option and the program

responds by requesting the name of the file containing the gel reading. It

then copies this gel reading (which is kept as an archive) into another file

that is used as a working version of this gel. This is the 281st gel reading

to be entered into the database for this project and so the working file is

automatically named LAMBDA.281. The program then asks if this gel overlaps

and the operator signifies "no" by typing only "carriage return". This is

all the operator input required when entering a non-overlapping gel reading:

all the data needed for the database will be set up by the program. It will

have written a gel descriptor on line 281 and a new contig descriptor on line

999-66 = 933.

As the operator input is complete the program leaves the ENTER option

and again offers the main options. The operator now wants to enter the gel

that does overlap so first he needs to add it to one of the contigs using

ENTER and then join the two contigs using JOIN. He therefore goes through

the same process as before but this time he tells the program the gel does

overlap and so the program gives him further options to allow him to define

the overlap and align the new gel. The first option he is offered is to

reverse and complement the gel reading sequence which he does by typing "Y".

This means that the working version of this gel will now be in the opposite

sense to the original gel. Then the program needs to know how the gel over-

laps and so it asks if the new gel extends the contig leftwards (the program

needs to fix either the position of the left end of the gel relative to the

left end of the contig or the position of the left end of the contig relative

to the left end of the gel and so it separates overlaps into two classes -

those that extend the contig leftwards and those that do not, i.e. those that

either overlap wholly internally or extend the contig rightwards). This gel

reading does extend the contig leftwards and so the operator types Y. The

program therefore asks him for the position in the new gel of the left

character in the contig. The operator knows this from the previous run of

program DBCCMP so he types the position and the program displays the join.

The display consists of: on the top line the relative numbers for the
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contig characters and then on succeeding lines the sequences from each of the

gels that are in this part of the contig. At the left end of each sequence

is its gel number and the sign of this number shows whether or not a gel

reading is in the same sense as the original gel. A minus sign indicates the

opposite sense and so it can be seen at a glance if a section has been deter-

mined on both strands: if two gels of opposite sign cover a section it has

been detenmined on both strands. On the next line down is shown the

consensus sequence for the gels lined up above and then below that is the

sequence of the new gel. Below that asterisks show mismatches between the

new gel and the consensus and then the new gel numbers are written.

The program then asks if the joint is correct which refers to the

positioning of the left end. It is, so the operator types Y and the program

then offers him five options to help completion of the entry of the gel. If

the joint is incorrect the operator types only carriage return and the

program asks him to redefine the join. It is clear from the display that

some editing is required to improve the alignment of the new gel with those

already in this contig.

Alignment can be achieved by making insertions or deletions but to

delete data would require checking gels so we usually make only insertions

until such time as sufficient of the gels agree. The new gel has an extra

base at position 30 in the contig and so the operator has selected to insert

one character at this point. The program then prompts him for the characters

to insert in each of the gels tha t cover this position. If the operator

types only carriage return as he has done in this case, the program automati-

cally inserts the requested number of spaces. The operator has then

displayed the whole of the overlapping region (this appears in Fig. 4) and

then made further insertions in the contig at position 107. After displaying

again he has selected to edit the new gel which he does using a different

type of editing program which allows multiple edits to be made at once. A

further display shows the alignment to be good and so the operator has

selected the "complete entry" option. It is only at this stage that the

database on the disk is altered which is why we can also have a "give-up"t

option which will leave the database unchanged if a problem arises.

The operator now needs to change the sense of all the gels in one contig

so that it can be joined to another. In Figure 5 the operator has first

selected the PRINT option and asked the program to print out the contents of

the database for the contig he wishes to complement. Contigs are always
referenced by the name of their leftmost gel reading. The program first
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SELECT OPTION BY NUMBER
STOP-O,ENTER-1 PRINT-2pDISPLAY-3,JOIN-4,COMPLEMENT-5,EDIT-6
OPTION NUMBER - 2

NUMBER OF GELS- 282 NUMBER OF CONTIGS- 67
TO SELECT CONTIGS TYPE Y

y

NUMBER OF LEFT GEL THIS CONTIG -282

CONTIG LINES

999 661. 0 282 232
DEFINE REGION
RELATIVE POSITION OF LEFT END-_

RELATIVE POSITION OF RIGHT END=-

GEL LINES

LAD14 282 1. -327 0 4
LAMA9 4 156. 214 282 1
LAD9 1 156. -214 4 2
MLD5 2 189. 331 1 232
LAR16 232 452. 210 2 0
TO SELECT ANOTHER CONTIG TYPE Y

SELECT OPTION BY NUMBER
STOP-O5ENTER-1 ,PRINT-2,DISPLAY-3,JOIN=4,COMPLEMENT=5,vE[IT-6
OPTION NUMBER = 5

NUMBER OF LEFT GEL THIS CONTIG =282

COMPLEMENT

SELECT OPTION BY NUMBER
STOP=O,ENTER=1,PRINT=2,DISPLAY=3, JOIN=4COMFLI EMENT=W5EDIT=6
OPTION NUMBER = 2

NUMBER OF GELS= 282 NUMBER OF CONTIGS= 67
TO SELECT CONTIGS TYPE Y

Y

NUMBER OF LEFT GEL THIS CONTIG -282

THIS IS NOT A LEFT END, RELATIVE POSITION = 335.
TRUE LEFT END = 232
TO CONTINUE TYPE Y

y

CONTIG LINES

999 661. 0 232 282
DEFINE REGION
RELATIVE POSITION OF LEFT END-__

RELATIVE POSITION OF RIGHT END=_

GEL LINES

LAR16 232 1. -210 0 2
MLD5 2 143. -331 232 1
LAD9 1 293* 214 2 4
LAMA9 4 293. -214 1 282
LAD14 282 335. 327 4 0
TO SELECT ANOTHER CONTIG TYPE Y Fig 5
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prints the contig descriptor line which shows that this line is on 999 of the

database, that the contig is 661 characters long, that the left gel is gel

282 and the right gel is 232. It then asks the operator which region of the

contig he wants to have printed and by typing only carriage return the

operator signifies he wants to see it all. The program then prints the gel

descriptor lines. Each line describes one gel and the lines are printed in

the order in which they overlap in the contig. For example, the first line

(which is the gel just entered) says that the gel whose archive name is LAD14

is gel number 282, that its left end is at position 1 in the contig; the gel

is 327 characters long, the minus sign indicates that it is in the opposite

sense to its archive; it has no gel to its left and gel number 4 is to its

right. The next line describes the gel whose archive is LAMA9, whose number

is 4; has its left end at position 156 in the contig; is 214 characters long;

its left neighbour is gel 282 and right neighbour is gel 1. Of course, the

last gel in the list LAR16 has no right neighbour. In order to reverse the

sense of a contig the operator has selected the COMPLEMENT function. The

only operator input required by this function is the name of the contig to

complement and this is the number of the contig's left gel which is typed by

the operator. The program then reverses and complements the working version

of each gel in the contig, reorders the database and changes the strandedness

of each gel. The operator has then selected the PIT option to demonstrate

the effect of this function. He does not know which gel is now at the left

end of the contig but as long as he knows the number of any gel in the contig

the program will find the true left end. The printout shows the effect of the

complement function.

The two contigs to be joined are now in the same sense and so in

Figure 6 the operator has selected the JOIN option. He has been asked to

define by their left gels the two contigs to join and their relative position.

The program then displays the join in much the same way as for ENTER. This

consists of all the gels overlapping the right end of the left contig (in

this case only gel 282) with their consensus below and then, un-numbered the

leftmost gel of the right contig. Again mismatches are denoted by asterisks.

Although the program only displays the leftmost gel from the right contig any

edits made to this contig will again be performed on all gels. This can be

seen in Figure 6 when the operator has selected option 3 (edit right contig)
and inserted at positions 56 and 53: the program has prompted for characters

for both gels 5 and 217 and therefore maintained the alignment. In Figure 7

the operator has completed the editing required to give a well-aligned join
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and so has selected the "complete join" option. Then he has selected to

print the whole of this contig. After this he has selected to display the

whole of this contig, which is shown in Figure 8. It can be seen how easily
the quality of the data for each part of the sequence can be assessed from

this type of printout.

SUMMARY

This paper describes a new computer storage and processing system which

has particular application to data gained by the shotgun method of DNA

sequencing. Its advantage lies in its ability to establish, maintain and
display the relationships between gel readings and in its ease of use. The

programs written in FORTRAN run on the same PDP-11 computer mentioned in

previous papers [3] and are available on request.
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